Src-family protein tyrosine kinases (PTKs), such as Src and Fyn, are non-receptor-type PTKs that can be activated by various extracellular factors, including growth factors and neuronal factors (1) . The abundance of Src-family PTKs in the brain, especially at developing growth cones and postsynaptic sites, indicates their potential participation in the intracellular signaling necessary for synaptic development and plasticity (2, 3) , although the precise molecular mechanism of their signaling is still under investigation. Src-family PTKs are reported to modulate the function of N-methyl-D-aspartate (NMDA) channels (4) and potassium channels (5) and to regulate long term potentiation (LTP) (6) . Analyses of Fyn-knockout mice (7, 8) have confirmed the idea that Fyn-mediated signaling is essential for normal neural development (9, 10) , synaptic plasticity (10, 11) , and brain functions (12, 13) .
Neurotrophins share significant structural homology with nerve growth factor and initiate signals through their receptortype protein tyrosine kinases and the 75-kDa, low affinity neurotrophin receptor (14, 15) to regulate neuronal development and synaptic plasticity (16, 17) . For example, brainderived neurotrophic factor (BDNF) can change the activities of NMDA channels and calcium channels (18, 19) and can modulate basal synaptic transmission (20) (21) (22) as well as LTP (23) (24) (25) (26) . PTKs of these neurotrophin receptors are associated with various signaling molecules, including Src-family PTKs (27, 28) . Another growth factor, platelet-derived growth factor (PDGF), also is known to bind to the receptor-type PTK and activates a variety of signaling cascades, including the Srcfamily PTKs (29) . PDGF is shown to influence the gating properties of calcium channels (30) as well as NMDA channels (31) .
The above similarities in the biological activities of these growth factors and Src-family PTKs have raised the question of whether the Src-family PTKs may mediate signal transduction from the growth factors that regulate synaptic and developmental plasticity (30, 32) . In the present study, we demonstrate that Fyn is indeed involved in the signaling of BDNF and PDGF, which both influence the expression of ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors.
MATERIALS AND METHODS

Animals.
For culture experiments, rats (Sprague-Dawley) were obtained from Shizuoka Laboratory of Animal Center (Shizuoka Japan). Fyn knockout mice in the C57BL͞6 genetic background (5 backcrosses) (8) were maintained in the animal facility of the University of Tokyo. Wild-type C57BL͞6 mice were used as a control. For determination of AMPA receptor levels in vivo, three litters (23 animals total) were produced from crosses between heterozygotes in the C57BL͞6 genetic background (6 backcrosses) (7) in the animal facility of the Cold Spring Harbor Laboratory (Cold Spring Harbor, NY).
Neuronal Culture. Whole cerebral neocortices of embryonic day 18 rats or neonatal mice were mechanically dissociated and plated onto poly-D-lysine-coated dishes at a lower density (500-800 cells͞mm 2 ). Cortical neurons were grown with DMEM containing 0.5 mM pure glutamine (Ajinomoto, Tokyo), 2% fetal bovine serum, nutrient mixture N2, and 10 mM Hepes (pH 7.3) (33). The following day, the original medium was replaced by the medium lacking serum (serum-free N2 medium). This procedure reduced glial contamination to Ͻ5% of total cells. Purified human recombinant BDNF (50 ng͞ml), epidermal growth factor (EGF) (20 ng͞ml), basic fibroblast growth factor (bFGF) (20 ng͞ml), PDGF (␣͞␤ heterodimer) (30 ng͞ml), and a Src-family-selective tyrosine kinase inhibitor, 4-amino-5-(4-methylphenyl)-7-(t-butyl) pyrazolo [3,4d] pyrimidine (PP1, Calbiochem; 1 M), were added daily (34) . Cultures were used for experiments 5 days after plating.
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Prolonged or a higher density of culture reduced the effect of growth factors, presumably because endogenous growth factors or cell-cell contacts mimicked a similar effect (data not shown; see Discussion). BDNF was a gift from Sumitomo Chemical, Osaka. EGF, PDGF, and bFGF all were purchased from Sigma.
Immunodetections. Immunoblot analysis was done with protein extracted from neocortical culture and tissue. Protein was separated by SDS͞PAGE and was blotted onto nitrocellulose membranes. Immunoblots were treated with various rabbit affinity-purified antibodies or mouse mAbs: antiglutamate receptor 1 (GluR1), anti-NMDAR1, anti-NMDAR2A͞B (all from Chemicon), anti-GluR2͞3 (a gift from K. Sakimura (Niigata University, Japan), made to 50-aa peptide corresponding to the carboxy terminus of GluR2), anti-neurofilament (NF) 200͞150-kDa (a gift from Y. Takahashi, Niigata University), anti-Fyn (Santa Cruz Biotechnology), monoclonal anti-Fyn (clone fyn301; Wako Pure Chemicals, Osaka), anti-Src (clone 327; Oncogene Science), antiphosphotyrosine (clone PY20; Transduction Laboratories, Lexington, KY), and anti-␣-tubulin (Sanbio, Uden, The Netherlands) antibodies. Immunoreactivity was visualized by chemiluminescence reaction (ECL kit; Amersham).
Northern Blotting. RNA analysis was carried out according to standard procedures as described (35) . 32 P-labeled cDNA probes for mouse GluR2 (a 1.5-kilobase fragment; a gift from K. Sakimura) and rat GluR3 (a 269-to 1,337-nt fragment produced by reverse transcription-PCR) were generated by using the Random Primed DNA Labeling kit (Boehringer Mannheim). These probes were sequentially hybridized to an RNA filter.
In Vitro Kinase Assay. PTK activity was monitored by the in vitro kinase assay as follows. Hippocampi and neocortices from young rats (4-6 days old) were homogenized in lysis buffer (10 mM Tris⅐HCl, pH 8.0͞140 mM NaCl͞2 mM EDTA͞0.5 g/ml leupeptin͞1 mM Na 3 VO 4 ͞1% Nonidet P-40) containing 5 g͞ml affinity-purified chicken anti-BDNF antibodies. The postnuclear supernatant was obtained by centrifugation and was pretreated with excess amounts of protein A Sepharose. The cleared lysate was treated with 200 ng͞ml BDNF, then was incubated with an anti-Fyn antibody or a control Ig at 4°C for 90 min. The immunocomplex was precipitated with protein A Sepharose. Kinase reactions were carried out with the immunoprecipitates at 37°C for 10 min in 50 l of kinase buffer (25 mM Hepes, pH 7.2͞3 mM MnCl 2 ͞0.1% Nonidet P-40) containing 10 Ci 32 P-␥-ATP (Amersham). In addition, the enzyme activity of Fyn that phosphorylates tyrosine residues of target proteins was monitored by supplementing an exogenous substrate, enolase (Sigma; 0.125 mg͞ml), to the reaction mixture. The reaction was stopped by adding 2ϫ Laemmli sample loading buffer and was analyzed by SDS͞PAGE under reducing conditions. To visualize tyrosine phosphorylation, the gel was treated with KOH and was subjected to a film autoradiography. 32 P incorporation into enolase (41 kDa) was measured by densitometory.
RESULTS
Recently, it was reported that daily application of BDNF to cultured neocortical neurons specifically up-regulated the protein levels of AMPA receptors (GluR1 and GluR2͞3 receptors) but not NMDA receptors (NMDAR1 and NMDAR2A͞B (33) . In addition to BDNF, we studied the AMPA receptor-increasing activity of other growth factorsbFGF, EGF, and PDGF-whose receptors are expressed on neurons and elicit similar signaling in tyrosine phosphorylation (36) . Among these, PDGF and BDNF markedly increased the protein expression of GluR1 and GluR2͞3 receptors without an apparent change in ␣-tubulin levels (Fig. 1) . Only EGF appeared to have an inhibitory activity on GluR1 expression with unknown mechanisms. These observations raised the possibility that a common signaling pathway for the AMPA receptor increase is shared by both BDNF receptors (TrkB) and PDGF receptors. We then added a Src-family-selective PTK inhibitor, PP1 (34) , to the cultures, together with BDNF or PDGF (Fig. 2) , and quantitated the changes in the receptor protein levels. Immunoblotting revealed that PP1 completely blocked the increase of the AMPA receptor subunits triggered by BDNF and PDGF whereas protein levels of NMDAR2A͞B were not altered by these growth factors nor by the kinase inhibitor. The action of PP1 was ascertained by the reduction in the tyrosine phosphorylation level of the 60-kDa protein (p60), as revealed by using an antiphosphotyrosine antibody, but the PP1 treatment did not affect cell viability as monitored by protein recovery from the cultures (see Fig. 2 legend) . All of these results are consistent with the previous reports indicating that Src-family PTKs are associated with TrkB and PDGF receptors and are involved in their signal transduction (28, 29) .
We speculated that one of the Src-family PTKs, Fyn, is involved in the growth factor-mediated increase in AMPA receptor proteins because Fyn is enriched in the forebrain regions and increases during brain development (37) (38) (39) . To examine the Fyn participation, primary cultures of neocortical neurons were prepared from neonatal Fyn knockout and wild-type mice (8) and were treated with BDNF, the most effective factor for the AMPA receptor increase. Expression of AMPA receptors, NMDA receptors, and ␣-tubulin (an internal standard) was examined by immunoblotting (Fig. 3) . Cultures from wild-type mice showed increases in the protein levels of GluR1 and GluR2͞3 in response to BDNF applications whereas cultures from homozygous Fyn knockout mice did not. NMDA receptors did not reveal a significant increase FIG. 1. Effects of growth factors on AMPA receptor expression in cultured rat neocortical neurons. Neocortical neurons were grown at a lower density (Ͻ800 cells͞mm 2 ) for 5 days with or without (Ϫ) daily applications of BDNF (50 ng͞ml), EGF (20 ng͞ml), PDGF (30 ng͞ml), and bFGF (20 ng͞ml). Protein was extracted from two sister cultures (for each factor), was separated by SDS͞PAGE, was transferred to a membrane, and probed with antibodies directed against GluR1, GluR2͞3, and ␣-tubulin. Note that the treatment of EGF suppressed GluR1 levels (P Ͻ 0.001) but not GluR2͞3 levels. In contrast, bFGF effects on the AMPA receptors displayed an increasing tendency (57), but its effect failed to reach statistical significance. Control protein levels were 100 Ϯ 4.9% for GluR1 and 100 Ϯ 12.7% for GluR2͞3, EGF-treated levels were 63 Ϯ 3.7% for GluR1 and 111 Ϯ 4.5% for GluR2͞3, and bFGF-treated levels were 130 Ϯ 13% for GluR1 and 140 Ϯ 10% for GluR2͞3 as determined by four independent blots (n ϭ 4). Numbers on the right indicate the positions of protein size markers (kDa). See Fig. 2 for the effects of the other factors.
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To confirm the effect of the Fyn deficiency in vivo, immunoblot analysis was used to determine the protein levels of AMPA receptors, Fyn, Src, and NF in the neocortex of young wild-type (5 animals) and Fyn knockout mice (7) (8 heterozygotes and 10 homozygotes) on postnatal days 13-14. Immunoblots of representative samples are shown in Fig. 4A . NF was used as an internal control to normalize the intensity of the immunoreactivity quantified from the blots (Fig. 4B) . The level of Fyn in heterozygotes was half of that in wild-type mice, and Fyn was not detected in homozygotes. In contrast, Src levels in both Fyn homozygotes and heterozygotes tended to be upregulated but variable among animals. Compared with wildtype mice, the protein levels of GluR2͞3 and GluR1 in the Fyn homozygotes were reduced significantly whereas GluR2͞3 mRNA levels for these receptors were not (Fig. 4C) . Strikingly, some of the Fyn knockout mice that displayed higher levels of FIG. 2. Effects of a Src-family-specific inhibitor on the growth factor-mediated increases in AMPA receptors. Rat neocortical cultures were prepared as shown in Fig. 1 and were treated with BDNF (A) or PDGF (B) in the presence or absence of a Src-family PTK inhibitor, PP1 (n ϭ 3-4 for each condition). The effects of these factors and PP1 on the level of GluR1, GluR2͞3, and NMDAR2A͞B proteins were determined by immunoblotting. For statistical analyses, independent blots were made, and each immunoreactivity on the blots was measured by densitometry. The average control receptor level was set as 100% for each immunoblot. Statistical analysis was performed by using one-way ANOVA followed by the Bonferroni test. Protein levels of NMDAR2A͞B and ␣-tubulin (data not shown) were not significantly altered by the treatments (F [2, 6] 3) and three wild-type mice (lanes 4-6). Each number represents a pair of cultures prepared from an individual animal. One set of sister cultures from each animal was treated for 4 days with 50 ng͞ml BDNF administered daily, and the other set was used as a control. Cultures were processed individually for immunoblotting and were probed with antibodies against GluR1, GluR2͞3, NMDAR1, NMDAR2A͞B, and ␣-tubulin (an internal standard). (B) Protein levels of the glutamate receptors were measured and normalized with those of ␣-tubulin. Statistical analysis was performed on averaged values obtained from two independent blots using one-way ANOVA followed by the Bonferroni test. Filled bars represent BDNFdependent protein levels (%) in neocortical cultures prepared from wild-type (ϩ͞ϩ) mice, and clear bars represent those from homozygous Fyn-knockout (Ϫ͞Ϫ) mice. Results are expressed as means Ϯ SEM (n ϭ 3).
the AMPA receptor proteins exhibited increased expression of Src (marked with asterisks in Fig. 4A ), as if the higher levels of Src expression compensated for the loss of Fyn and thus resulted in the higher expression of the AMPA receptors.
We performed kinase assays with Fyn immune complexes isolated from rat hippocampal and neocortical tissues to confirm that BDNF stimulation indeed resulted in Fyn activation. In the hippocampal sample, BDNF increased the phosphorylation level of Fyn whereas the amount of Fyn protein was not altered (Fig. 5) . This increase of phosphorylation led to an increase in the PTK activity of Fyn, as monitored with an exogenous Fyn substrate, enolase (321 Ϯ 92%). BDNF also enhanced the phosphorylation of Fyn in the immune complexes prepared from the neocortex. These results suggest that the Src-family PTK, Fyn, indeed is activated by BDNF in these neurons.
DISCUSSION
Neurotrophic factors, growth factors, and cytokines regulate a large variety of molecular processes in both neuronal differentiation and maturation (39) . Our previous study has shown that BDNF specifically enhances the expression of AMPA receptor proteins without any significant change in their mRNA levels (33) , suggesting that the neurotrophin might modulate the translational or post-translational processes of AMPA receptor expression. Here, we demonstrate that Fyn is involved in this growth factor signaling to enhance the expression of AMPA receptor in neocortical neurons, using Fynknockout mice and a specific inhibitor of Src-family PTKs. The present results also suggest that (i) BDNF is not the only factor that influences the receptor expression, (ii) the activity to increase the AMPA receptors may involve not only Fyn but also other PTKs in the Src-family, and (iii) the increases in GluR1 protein parallel those in GluR2͞3 protein for all manipulations of BDNF, PDGF, and the mouse gene targeting used.
Among several Src-family PTKs found in the brain, Fyn and Src are the most enriched in the forebrain regions (37, 41) , and their expression is regulated during development (38, 41) . Similarly, levels of BDNF and AMPA receptors are changed most remarkably at early postnatal stages of rodents (42, 43) . In agreement, the cortical impairment of AMPA receptor expression was most apparent in Fyn-knockout mice, at the juvenile stage when the BDNF͞Fyn signal is supposed to become more active, but was less clear at the embryonic stage as well as at the adult stage (data not shown). The redundant expressions of Src-family PTKs in the brain suggest that Fyn signaling from BDNF or PDGF is not the only pathway regulating the expression of AMPA receptors and that any Src-family PTKs, activated by other endogenous activators, are also able to trigger this signal transduction. Recently, a family of cell adhesion molecules that interact with Fyn has been characterized (44) . The Fyn activation by such cell adhesion molecules may explain the reason why the neuronal density in culture also influenced the AMPA receptor expression (45) . Future studies will characterize downstream signaling from Fyn kinase to AMPA receptors as well as other activators of Fyn that regulate these receptors.
The BDNF receptor TrkB, Src-family PTKs, and AMPA receptors are all intrinsic components of the post-synaptic density (18, 39, 46, 47) whereas some of BDNF is thought to be stored in presynaptic terminals and released in an activitydependent manner (48) (49) (50) . The studies reported here indicate that Fyn mediates the increase in levels of AMPA receptors in response to the activation of TrkB or PDGF receptors, presumably at postsynaptic sites. At the neuromuscular junction, as well as in the Torpedo electric organ, Src-family PTKs are associated with nicotinic acetylcholine receptors, and they have been implicated in receptor clustering and stabilization at post-synaptic sites (51) (52) (53) . Among the PTKs, Src appears to be the one that regulates the phosphorylation of nicotinic acetylcholine receptors in the muscle. All of the existing evidence supports the idea that Src-family PTKs interact with various channel molecules and modulate their synaptic stability and function. In the present study, the changes of the individual AMPA receptor subunits always paralleled after the treatment with BDNF and PDGF in all of the types of cultures prepared from wild animals. This phenomenon would be more reasonable if Fyn signaling might act on the AMPA receptor complex rather than the individual receptor subunits independently. These observations indicate that the PTK Fyn might act on the AMPA receptor complex, possibly through a molecular mechanism similar to that shown at the neuromuscular junction. Of interest, there are significant similarities between GluR2 (54, 55) and Fyn knockout mice in phenotypes (3, 12) : Both mutants have significant hippocampal LTP impairment as well as higher susceptibility to seizure induction. BDNF knockout mice also exhibit an impairment in synaptic plasticity (25, 26) . Our findings of lower AMPA receptor expression in Fyn knockout mice provide a potential explanation for the previous finding that LTP induction in the Fyn knockout mice requires higher levels of synaptic stimulation than in wild-type controls (3). It is likely that the lower expression of AMPA receptors in these mutants results in lower levels of membrane depolarization and in decreases in NMDA receptor currents during LTP induction. Thus, a decline in AMPA receptor expression may be responsible for the abnormal synaptic plasticity and behavior observed in the Fyn knockout mice.
The activities of neurotrophins in synaptic plasticity have been examined by using various electrophysiological techniques (20, (22) (23) (24) . Changes in hippocampal basal neurotransmission, which presumably reflects AMPA receptor activity, occur within hours after BDNF application and depend on translation but not on transcription (56) . The increase in AMPA receptor protein observed in our study was similar at the translational or post-translational level but required chronic applications of BDNF over several days. This provides circumstantial evidence to suggest that the mechanisms underlying these two phenomena may differ. Further physiological study on the chronic effects of BDNF as well as those of PDGF should help to characterize the signaling of Src-family PTKs in the acute responses to BDNF reported previously. Here, we demonstrated that the molecular signaling of the Src-family PTKs triggered by the growth factors plays a crucial role in regulation of AMPA receptor levels in the brain. These results provide insights into the mechanisms regulating AMPA receptor expression, a key determinant of synaptic plasticity.
